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The results of the molecular dynamics simulation of the radiation influence on the structure and
thermophysical properties of water are presented. The changes in the radial distribution functions,
momentum distribution function and the selfdiffusion coefficients are quantified. It is shown that
the irradiation causes the structural and thermodynamics properties of water. The ”effective tem-
perature” of the stationary nonequilibrium water system under the irradiation allowing to define
the correspondent equilibrium system with the same structural and thermodynamic properties is
calculated. It is confirmed that the structural changes in the liquid systems under irradiation are
caused by the changes in the coefficients of the Maxwell distribution function due to the momentum
exchange between the active particles and the particles forming the liquid. To explain the phenom-
ena observed in the molecular dynamics simulation the results are quantitatively compared to the
predictions of the theoretical model of the phenomenon that is based on the Bogolyubov chain of
equations and with the experimental data.
Recently, quite a number of works devoted to the ra-
diation interaction with the matter appeared in the lit-
erature [1–6]. That field is important both from funda-
mental point of view and for the different applications.
The studies may reveal the underlaying physical mecha-
nisms of the interactions and their results may be used
for developing new technologies in medicine, nuclear en-
ergy, etc. Nowadays most of the studies in the field deal
with the solid state [7–9], ionic liquids [10, 11] or biolog-
ical structures [12, 13]. For the above objects computer
simulation studies has shown to be on of the most ef-
fective instruments [14–16] as the experiments with the
irradiation influence on matter are difficult to perform
and to interpret. At the same time there are quite few
works devoted to the irradiation influence on liquid sys-
tems. It should be noted that computer simulations are
widely used to study the equilibrium and nonequilibrium
liquid systems [17–22]. Therefore, it looks surprising that
computer simulations are not used to study the radiation
influence on liquids. Furthermore, at present, most of the
works in the field deal with the physical-chemical stage
and describe the radiolysis [23–25] but only few can be
found that search for the physical mechanisms involved
in the process. One should also mention the existing
experimental studies of the radiation influence on liquid
matter [26–30]. Those experiments show the strong de-
pendence of the thermodynamic properties of liquids on
the radiation. Therefore, accounting for the importance
of understanding the behavior of liquids under irradiation
for the different applications it seems to be attractive to
study the physical nature of the interaction.
The aim of this work is to use the molecular dynam-
ics (MD) methods to study the physical mechanisms re-
sponsible for the changes in the structural and thermody-
namic properties of water under irradiation by α particles
(He).
Earlier, based on the fundamental Bogolyubov chain of
equations [31] there was suggested the model relating the
structural and thermophysical properties of the nonequi-
librium liquid systems under irradiation in the stationary
state [32]. Within that model it was suggested that the
irradiation changed the structure of the liquid system.
That obtained new structure of the nonequilibrium liq-
uid system in the stationary state was characterized by a
new parameter that is the “effective temperature” Teff .
That allowed writing down the classical BGY equation
[33] for the nonequilibrium system in the stationary state:
kTeff
∂F2(r1, r2)
∂r1
+
∂Φ(|r1 − r2|)
∂r1
F2(r1, r2)
+ ρ
∫
∂Φ(|r1 − r3|)
∂r1
F3(r1, r2, r3)dr3 = 0, (1)
with Teff standing instead of T . Here F2(r1, r2) and
F3(r1, r2, r3) are the 2-nd and 3-d order distribution
functions respectively depending on space coordinates
r1, r2, r3, Φ(|ri − rj |) ⁀is the potential of interaction be-
tween i-th and j-th particles, ρ = N
V
⁀is the numerical den-
sity. The important thing to mention is the fact that the
introduced parameter Teff was, actually, the analogue of
the thermodynamic temperature for the nonequilibrium
system in focus. It was suggested to be equal to the
thermodynamic temperature of the corresponding equi-
librium system with the same structural properties. It
was shown that the “effective temperature” could be cal-
culated from the perturbed momentum distribution func-
tions of the systems caused by the momentum exchange
2between the active particles and the particles forming the
liquid.
kTeff
∫
∂f2(p1,p2)
∂p1
dp1dp2 = −
∫
p1
m
f2(p1,p2)dp1dp2.
(2)
Therefore, the developed theoretical model of the pro-
cess [32] allowed calculating thermophysical properties of
the stationary nonequilibrium liquid systems under irra-
diation from the thermophysical properties of the corre-
spondent equilibrium liquid systems considering the new
parameter Teff .
In this work we present the results of the MD simu-
lation of the radiation influence on water and compare
them with the predictions of the theoretical model sug-
gested earlier.
The MD simulations using the rigid simple point
charge (SPC) model of water [34] are performed for a
cubic simulation box containing 16384 water molecules
and 1 He particle at the temperature 300 K, and at am-
bient pressure (0.1 MPa). The geometric parameters of
the SPC model used are given in Tab I. The DL POLY
TABLE I. Geometric parameters of the rigid SPC model used
[35]
θo6 HOH 109.47
rOH, A˚ 1
rHH , A˚ 1.63
package (4.06 version) is used [36], with the Ewald par-
ticle mesh method for the evaluation of the Coulomb in-
teractions. The intermolecular potential energy between
atomic sites is calculated in a standard way by a sum
of the Lennard-Jones (12-6) potential and the Coulomb
electrostatic interaction
U (rij) = ULJ (rij) + UCoul (rij)
=
∑
i≺j
4εij
((
σij
rij
)12
−
(
σij
rij
)6)
+
∑
i≺j
qiqj
4πε0rij
(3)
with the off-diagonal interaction parameters calculated
using the Lorentz-Berthelot mixing rules [37, 38]
σij =
σi + σj
2
, (4)
εij =
√
εiεj. (5)
The parameters used are given in Tab. II. All the sim-
ulations are performed in two steps. First, the system is
equilibrated in the NVT ensemble using Berendsen ther-
mostat and the box is fixed. In all the future simulation
the box size remains unchanged. Next, the radiation is
switched on. At this stage the simulation is performed
in the NVE ensemble. Irradiation is included by accel-
erating the He atom originally present in the system. In
TABLE II. Masses and intermolecular potential parameters
of water and He [39–41]
Atom m, a.u.m. q, e ε, kJ ·mol−1 σ, A˚
H 1 +0.41 0 0
O 16 -0.82 0.65 3.1656
He 4.0026 +2 0.084 2.6
order to reach the stationary state of the system we add
energy in a discrete way with the step 0.05 keV. It is done
by accelerating He every 2 ps to have the total irradiation
energy ranging from 0.05 keV to 0.25 keV.
To justify the choice of the NVE ensemble one can
mention the fact that in all the other ensembles inclu-
sion of the thermostats makes the momentum distri-
bution function move towards the Maxwellian one and,
hence, disturbs the real physical picture in the momen-
tum space. Therefore, they ar not acceptable for our case
as one expect the changes in the momentum distribution
function to be one of the main physical mechanisms of the
radiation influence on he structural and thermodynamic
properties of water. All the parameters of the simulation
process are given in Tab III.
TABLE III. Simulation parameters
Number of water molecules 16384
Box size,A˚ 79
Density ρ, kg ·m−3 [42] 992,27
Temperature T , K 300
Equilibration time (NVT ensemble), ps 2000
Simulation time (NVE ensemble), ps 2-10
Rcutoff , A˚ 14
Boundary conditions periodic
Simulation software DL-POLY 4.06
The SPC rigid model was used in our simulations as it
gives structural and dynamic parameters of the bulk wa-
ter that are in accord with the experimental data [39, 43]
and at the same time it gives the results for the radial
distribution functions (RDF) and momentum distribu-
tion functions that are not blurred by inclusion of the
internal degrees of freedom. It seems to be attractive as
we suggest that one of the main mechanisms responsi-
ble for the changes of the thermodynamic properties of
the liquid systems under irradiation is the change in the
momentum distribution function [32]. Therefore, using
SPC model seems to be a reasonable choice in the first
approximation.
In order to have the reliable data for the noneqilibrium
system in the stationary state we have averaged the re-
sults of the three runs with the same initial equilibrated
system. The gOO, gOH , and gHH RDFs are shown at
Figs. 1, 2, and 3 respectively.
It can be seen from the figures that all the changes in
the RDFs are quite small. It can be explained by the
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FIG. 1. Oxygen-oxygen RDFs for the radiation energies rang-
ing from 0 KeV to 0.25 KeV
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FIG. 2. Oxygen-hydrogen RDFs for the radiation energies
ranging from 0 KeV to 0.25 KeV
averaging over the three different runs. Still, it can be
easily seen that there is the correlation in between the
radiation energy and the changes in the RDFs. At the
inset of Fig. 1 one can see the decrease of the height of
the first peak with the increasing radiation energy. Such
a behavior suggests the tendency to blurring of the first
and second coordination spheres. At the same time its
position remains the same at about 2.78 A˚ that corre-
sponds to the geometric criteria for the hydrogen bond
that is ROO ≤ 3.3A˚ [21].
For gOH(r) the decrease of the height of the first peak
with the increasing radiation energy(the inset at Fig.2)
is seen again. Its position at 1.8 A˚ corresponds to the
geometric criteria for the hydrogen bond that is ROH ≤
2.6A˚ [21]. Such a behavior suggests the tendency of the
radiation to destroy the net of hydrogen bonds.
Unfortunately, the changes in the gHH(r) are hardly
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FIG. 3. Hydrogen-hydrogen RDFs for the radiation energies
ranging from 0 KeV to 0.25 KeV
seen (Fig.3). Still, the tendency of the first peak to de-
crease with the increasing radiation energy is also ob-
served at the graph.
To find the physical mechanism of the radiation influ-
ence on water causing the observed structural changes
the obtained simulation results are compared to the the-
oretical model of the process developed earlier [32]. In
order to calculate the “effective temperatures” that char-
acterize the structural and thermophysical properties of
the stationary nonequilibrium liquid system under irra-
diation the momentum distribution functions have been
extracted from the simulation data for the different ir-
radiation energies. The obtained curves approximated
with the Maxwell type functions f(p) = Aexp(−φp2) are
shown at Fig. 4. One can see that the position of the
maximum shifts toward the higher velocities and the peak
broadens with the increasing radiation energy. Such a
behavior qualitatively confirms our hypothesis that one
of the important mechanisms of the irradiation influence
on the properties of water is the change of the velocity
distribution function due to the momentum exchange be-
tween the active particles and the particles forming the
liquid.
In order to find the thermophysical properties of the
system we calculate the “effective temperature” Teff
from the equation (2) with the correspondent momen-
tum distribution functions f(| p |) shown at Fig. 4. The
resulting values are given in Tab. IV As our system is in
TABLE IV. Effective temperatures for the different irradia-
tion energies
Irradiation energy, keV 0 0.05 0.1 0.15 0.2 0.25
Teff , K 300.2 303.4 308.3 313.5 315.2 322.8
Tirrad, K 300 312 324 335 347 359
the stationary nonequilibrium state it is not possible to
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FIG. 4. Momentum distribution functions for the radiation
energies ranging from 0 KeV to 0.25 KeV
define the “real” temperature of the system. Therefore,
to have some data for comparison in the last raw of Tab.
IV there are the temperatures that should have the sys-
tem if all the radiation energy goes for heating only. It
can be seen that the numbers are different. At this point
it is important to mention that the RDFs of the equi-
librium system calculated in the NVT ensemble at real
temperatures equal to Teff given in Tab. IV coincide
with the RDFs shown at Figs. 1-3 for the corresponding
irradiation energies.
To check the hypothesis that it is the effective tem-
perature but not the “real” or Tirrad that describes the
thermophysical properties of the system under the irra-
diation it is intereesting to compare simulation results
with the experimental data. The effects might be seen in
all the thermophysical properties that are defined by the
structure of the system like surface tension coefficient,
selfdiffusion coefficient, etc.. We have analyzed the selfd-
iffusion coefficient dependence on the effective tempera-
ture. The corresponding graph is shown at Fig. (5 ). At
the same figure there are shown graphs of the selfdiffusion
coefficient dependence on real temperature that can be
found in the literature [44]. One can see from Fig. 5 that
the obtained results for the selfdiffusion coefficient plot-
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FIG. 5. Selfdiffusion coefficient dependence on temperature:
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ted against the Teff are in accord with the data available
in the literature for the SPC rigid model. At the same
time calculating the “real” temperature for the system
in the nonequilibrium state is not possible and plotting
D against Tirrad (Fig. 5) doesn’t show correspondence
to the existing data. Therefore, one can come to the
conclusion that it is the “effective” temperature that can
explain the observed behavior of the selfdiffusion coeffi-
cient.
In this work the results of the MD simulations of the
α-particles radiation influence on water are presented.
It is shown that irradiation causes the changes in the
structural and thermodynamic properties of water. The
main observed changes in the structure are the blurring
of the first and the second coordination spheres as well
as destruction of the net of hydrogen bonds.
The comparison of the obtained results with the pre-
dictions of the earlier developed theoretical model of
the process based on the Bogolyubov chain of equations
shows that the observed changes in structure are charac-
terized by a new parameter that is the “effective temper-
ature”. It means that the structure of the liquid system
under irradiation in the stationary nonequilibrium state
is the same as the structure of the corresponding equilib-
rium system with its thermodynamic temperature equal
to the “effective temperature”. Therefore, the “effective
temperature” might be treated as the “structural tem-
perature” of the nonequilibrium system in the stationary
state.
The changes of the selfdiffusion coefficient under irra-
diation are shown to be caused by the changes in the
structure of the liquid system that are described by the
growth of the “effective temperature”. The dependence
of the selfdiffusion coefficient on the “effective temper-
ature” shows the good correspondence to the existing
5data for the temperature dependence of the selfdiffusion
coefficient. From the obtained results it is seen that self-
diffusion coefficient grows with the increasing radiation
energy. At the same time the changes in the “real tem-
perature ” of the nonequilibrium system can not explain
the observed growth of the selfdiffusion coefficient in a
correct way. Therefore, it is shown that the thermophys-
ical properties of the liquid system under irradiation in
the stationary nonequilibrium state are the same as the
thermophysical properties of the corresponding equilib-
rium system with its thermodynamic temperature equal
to the “effective temperature”.
It is shown that the changes in the coefficients of the
Maxwell distribution function due to the momentum ex-
change between the active particles and the particles
forming the liquid is one of the important physical mech-
anisms of the radiation influence on liquid systems. The
knowledge of the distorted momentum distribution func-
tion of the liquid system under irradiation in the station-
ary nonequilibrium state allows calculating the “effective
temperature” of such a system and, hence, its structural
and thermodynamic properties.
The obtained in the work results of the MD simulation
of the radiation influence on water quantitatively confirm
the predictions of the previously introduced theoretical
model of the process and are in accord with the available
in the literature experimental data.
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